Abstract Gallic acid production in a batch bioreactor was evaluated using as catalytic material the mouldy polyurethane solids (MPS) obtained from a solid-state fermentation (SSF) bioprocess carried out for tannase production by Aspergillus niger GH1 on polyurethane foam powder (PUF) with 5 % (v/w) of tannic acid as inducer. Fungal biomass, tannic acid consumption and tannase production were kinetically monitored. SSF was stopped when tannase activity reached its maximum level. Effects of washing with distilled water and drying on the tannase activity of MPS were determined. Better results were obtained with dried and washed MPS retaining 84 % of the tannase activity. Maximum tannase activity produced through SSF after 24 h of incubation was equivalent to 130 U/gS with a specific activity of 36 U/mg. The methylgallate was hydrolysed (45 %) in an easy, cheap and fast bioprocess (30 min). Kinetic parameters of tannase self-immobilized on polyurethane particles were calculated to be 5 mM and 04.1×10 −2 mM/min for K M and V max , respectively. Results demonstrated that the MPS, with tannase activity, can be successfully used for the production of the antioxidant gallic acid from methyl-gallate substrate. Direct use of PMS to produce gallic acid can be advantageous as no previous extraction of enzyme is required, thus reducing production costs.
Introduction
Tannin acyl hydrolase (tannase, EC: 3.1. 1.20) is an inducible enzyme that catalyses the breakdown of hydrolysable tannins or gallic acid esters [1, 2] . Tannase can be produced in presence of tannic acid by microorganisms like bacteria, yeasts and fungi, being the latter the predominant producers [3] . Tannase is extensively used in the food, feed, beverage, brewing, pharmaceutical and chemical industries [4] . The major commercial applications of tannase are the manufacture of instant tea and the production of gallic acid [5] .
3,4,5-Trihydroxy benzoic acid (gallic acid) is a phenolic compound with important industrial applications including the manufacture of trimetroprim, an antibacterial agent [2, 6, 7] . It is also used in the enzymatic synthesis of gallic acid esters, e.g. propyl gallate, which is mainly used to prevent antioxidation of fats and oils, as well as beverages [7, 8] .
The traditional method for gallic acid production is by chemical (using acid or alkali solutions) or enzymatic hydrolysis (with tannases) of hydrolysable tannins obtained from plants [9, 10] . Traditionally, microbial tannases are produced by either submerged fermentation (SmF) or solid-state fermentation (SSF). Then culture broths or crude extracts can be concentrated and used directly as source of tannase or purified and used either as free or as immobilized biocatalyst. For industrial application, the immobilization of the enzymes on solid support offers several advantages, including repeated use of the enzyme, easy separation of product, improvement of enzyme stability and continuous operation in packed-bead reactors [11] ; however, this kind of system requires the production, recuperation, purification and immobilization of enzyme, which increase the cost.
In SSF systems, the organism grows on particles of solid organic or inert materials, with a minimum of free water in the spaces between the particles. As fungi normally excrete their enzymes when growing in solids media, the particles of fermented solid, referred here as mouldy polyurethane solids (PMS), can act as a support for the tannase, without the need of a previous extraction step [12, 13] . In this study, we report a novel approach for production of gallic acid from hydrolysis of methyl gallate in a batch bioreactor by using MPS containing Aspergillus niger GH1 tannase self-immobilized during the SSF process.
Materials and Methods

Microorganism and Culture Medium
The microorganism used for tannase production, A. niger GH1 strain, belongs to Micoteca of DIA-UAdeC, Food Research Department, Universidad Autónoma de Coahuila, Mexico. To prepare the inoculum, the spores were propagated on mycological agar medium and incubated at 30°C for 5 days. Culture medium for the tannase production included (g/L) KH 2 
Tannase Production by Solid-State Fermentation
Tannase production was carried out by SSF in 250-mL Erlenmeyer flasks containing 3 g of pulverized polyurethane foam (PUF) as support and 7 mL of culture medium (5 % tannic acid), previously inoculated with 2×10 7 spores per gramme of PUF [14] . The final moisture content of the medium was 70 % (w/w). The flasks were incubated at 30°C per 48 h. Triplicates were processed for each treatment at each sampling time (0, 12, 24, 36 and 48 h).
Analytical Methods
Kinetic growth of A. niger GH1 was determined by the method reported by Aguilar et al., [1] ; tannic acid consumption was followed by estimating the hydrolysable tannins using the method of Folin-Ciocalteu according the reported by Makkar et al. [15] ; after proper time of fermentation, the enzyme was recovered by addition of 20 mL of 10 mM acetate buffer at pH 5 to each flask and then it was shaken for 20 min at 180 rpm. The suspension was filtered through cheesecloth to remove the solid particle. The extract was used to determinate the tannase activity and the total protein content. Tannase activity was evaluated according to the HPLC method reported previously by our group [16] . The tannase activity from SSF bioprocess was expressed in two forms. Volumetric activity (U/gS) was referred to the enzymatic crude extracts obtained from the fermentation. Specific activity (U/mg) was referred as the units per milligramme of protein. One unit of tannase activity (U) was defined as the amount of enzyme required to release one micromoles of gallic acid per min per gramme of support under standard reaction conditions. Protein content was spectrophotometrically quantified [17] .
Preparation of MPS After Fermentation Process
The MPS containing tannase activity were obtained after 24 h of fermentation following the procedure described above. MPS were washed with distilled water, packed into a glass column and dried by applying an air current with a flow of 500 mL/min. After this procedure, the MPS were directly added to the reaction medium for methyl gallate hydrolysis. It is important to note that the effects of washing with distilled water and drying on the tannase activity of MPS were determined by using unwashed dried MPS as a control.
Hydrolysis of Methyl Gallate Using MPS Containing Tannase
The catalysis was carried out by adding 500 mg of MPS with tannase activity (0.5 % moisture content) to the reaction mixture contained in 125-mL Erlenmeyer flasks. Mixture reaction consisted of 50 mL of 5 mM methyl gallate prepared in 5 mM citrate buffer at pH 5. During catalysis, the temperature was kept at 30°C and the flasks were shaken at 140 rpm. Reaction samples were taken to follow the hydrolysis of substrate, and the formation of product (gallic acid and remaining methyl gallate). The conversion degree was defined as the ratio (M) obtained of released gallic acid per the initial concentration of methyl gallate per 100 %. Also, tannase activity was evaluated according to the HPLC method reported previously by our group [16] . For the methyl gallate hydrolysis, the activity tannase (U) of MPS was expressed in units per gramme of dry solids (U/gDS).
Kinetic Parameters of Self-Immobilized Tannase
Kinetic parameters K M and V max of the tannase present in MPS were estimated by determining the initial reaction rate of tannase at various concentrations of methyl gallate (1-9 mM). Kinetic parameters were obtained from the Lineweaver-Burk plot and then were recalculated by solving the Michaelis-Menten equation using the Solver module of the Microsoft Excel 2015. Hydrolysis of methyl gallate and formation of gallic acid were analysed by HPLC. The equipment consisted of an HPLC pump solvent delivery system coupled to a Perkin Elmer Series 200 UV visible detector. A chromatography interface series 600 LINK was used to process the data. Separation of the compounds was performed by using an ODS (150×4.6 mm 5 μm, Phenomenex) analytical column and an ODS (4.6 mm×5 μm) pre-column. Elution of the sample was performed by applying an isocratic flow (1 mL/min) of a mobile phase consisting of 35 % methanol, 5 % acetic acid and 60 % distilled water. The compounds were monitored at 254 nm. Gallic acid and methyl gallate were used as standards,
Statistical Analysis
The results were evaluated in triplicate using an experimental design with factorial fix. The statistical analysis was performed using the Statistical Program Infostat (Córdoba, Argentina).
Results and Discussion
Tannase Production
Tannase production by A. niger GH1 was evaluated in SSF using polyurethane foam powder as support. Values of a w and moisture content indicated a good performance of the bioprocess (Fig. 1) , in which A. niger GH1 grew rapidly consuming almost all the tannic acid (Fig. 2) . Figure 3 shows the production profiles of volumetric and specific tannase activities. Secretion of enzyme started at after 12 h of fermentation reaching the maximal activity at 24 h of culture process with high values of 130 U/gS and 36 U/mg for volumetric and specific activities, respectively. Decrements of tannase activity after 48 h of culture are due to the proteolyitic action as reported previously by our group [18] . Kumar [19] A. ruber in SSF using jamum leaves reporting a maximum activity value at 96 h of fermentation with an activity of 64 U/gS lower than the activity level reported in this study.
Production of MPS with Tannase Activity
Once the culture time at which maximum tannase activity is achieved is determined, the next step was the production of MPS. For this, several column bioreactors were again prepared for SSF and the bioprocess was stopped at 24 h of culture time, the MPS were collected, washed with distilled water and dehydrated as described in the BMaterials and Methods^section. Tannase activity of MPS was assayed before (control) and after washing.
The next step was to determine the tannase activity of fermented solids (Fig. 3) . After 24 h of incubation, the fermented solids containing tannase presented an activity of 130 U/gSS. This activity decreased after the drying process up to 114 and 112 U/gSS for fermented solids treated with water and without water, respectively; this decrement correspond to a residual activity of 84 %. Drying process had an effect on the enzymatic activty, therefore evaluation of other drying and freeze drying is necessary.
Hydrolysis of Methyl Gallate Using MPS
Once the enzyme activity of MPS was determined, the hydrolysis of methyl gallate was conducted in batch reactor. Figure 4 shows the hydrolysis of methyl gallate using MPS with self-immobilized tannase. It can be seen that hydrolysis of the substrate started after 5 min of reaction. The maximum rate of hydrolysis, achieved after 30 min of reaction, was 45 and 35 % for MPS treated with water and without water, respectively. It should be noted that there was no hydrolysis of methyl gallate with the control as shown in Fig. 4 . This suggests the selfimmobilized tannase is responsible for the catalysis of the substrate. Figure 5 shows the molar conversion percentage, which is the relation between the concentration of gallic acid formed and the initial concentration of methyl gallate. It is observed that the initial reaction rate increases rapidly during the first minutes until reaching an equilibrium after 25 min of reaction. The maximum percentage of molar conversion, achieved under these reaction conditions, was approximately 8 %. These results suggest that optimization of reaction parameters is needed to increase the yield. Despite this low yield, it should be emphasized that the self-immobilized tannase on polyurethane foam MPS was able to perform hydrolysis of methyl gallate. In the literature, there are some reports of the use of similar systems but for other purposes. Fernándes et al., [13] reported the production of lipase in solid-state fermentation and the biocatalysis of esterification reaction and transesterification through the direct addition of lyophilized fermented solid to an organic reaction medium. Other work reported in literature is related to the synthesis of propyl gallate in organic solvents Fig. 4 Methyl gallate hydrolysis using fermented solids with tannase activity medium using tannase linked to A. niger mycelium as catalyst [3] . This work demonstrated that the tannase enzyme present in the mycelium of the fungus was able to carry out the propyl gallate synthesis from gallic acid and propanol. This can support the idea, in our study, that the tannase not only may be linked to the mycelium but also may be present on the support, polyurethane foam. However, it is necessary to conduct more studies to demonstrate exact location of enzyme in such systems.
It is noteworthy to mention that the novel approach presented here allows the direct use of MPS with tannase activity to the reaction medium resulting in hydrolysis of methyl gallate. This is advantageous as establishment of downstream processing strategies to recover and purify the enzyme, as normally performed, is not required. This in turn, results in lower production costs. Nonetheless, it has to be mentioned that optimization of the catalysts should be conducted. Effect of concentration of methyl gallate on initial rate of tannase was studied by varying the concentration of the substrate. As can be seen in Fig. 6 , initial reaction rate increases as the methyl gallate concentration increases. Maximum initial reaction rate was achieved with a concentration of 9 mM methyl gallate. Kinetic parameters K M and V max for self-immobilized tannase on MPS were determined using methyl gallate as substrate. Graphic method of Lineweaver-Burk and Michaelis-Menten plot are presented in Fig. 7 . Values of 4.9 mM and 4.310 −2 mM/min were obtained for K M and V max , respectively, using the Lineweaver-Burk method. The K M and V max values obtained by the method of Lineweaver-Burk were further recalculated using the Michaelis-Menten model (Fig. 8) by employing the Solver tool of Microsoft Excel software. These resulting values were 5 mM and 4.1×10 −2 mM/min for K M and V max , respectively, which are similar to those obtained using the Lineweaver-Burk method. Sharma et al. [20] reported a K M value of 14 mM for an immobilized tannase from Penicillium variable using as substrate methyl gallate. This value is 2.8 times higher than that of the K M reported in this paper, indicating that the tannase self-immobilized on polyurethane foam has a higher affinity for methyl gallate. On the other hand, it should be mentioned that the K M value of the self-immobilized tannase in MPS is higher than that of the value reported for a non-immobilized tannase, which is 0.2 mM [21] . This suggests that the tannase present in the MPS has lower affinity for the substrate than nonimmobilized tannases. This may due to the fact that the support itself may act as a hindrance avoiding that the catalytic site of the enzyme interacts with the substrate. This could explain why the K M value of MPS is higher than that of non-immobilized tannases. In fact, the tannase, produced by the same strain studied here, exhibited a K M value of 1.82 mM upon methyl gallate when it was used in a free form [22] . This suggests that the polyurethane support can affect the interaction between substrate and the enzyme. It can be seen that the initial reaction rate increases as the concentration of methyl gallate increases until the equilibrium after a concentration of 7 mM methyl gallate. It is evident that a substrate inhibition is not observed; it would be important to increase the concentration range of methyl gallate to check if an inhibitory effect of substrate is possible. Inhibition by-product, gallic acid, should also be studied.
Conclusion
Results show that the A. niger GH1 tannase can be produced in solid state fermentation using polyurethane foam as support, and tannic acid as a sole carbon source, energy and inductor plus immobilized tannase in polyurethane produced during A. niger GH1 growth. Fermented solids produced during fermentation were able to catalyse the hydrolysis of methyl gallate reaching an hydrolysis up to 45 %. Low yields of gallic acid suggest optimization of the reaction parameters. Moreover, the novel system presented here-which involves the direct use of fermented solids containing tannase activity into the reaction medium-present an important aspect that can be advantageous. It allows to prevent the establishment of recovery steps, purification and immobilization of the enzyme, which can significantly reduce the costs of biocatalysis with tannases. Such systems are sought as alternatives to other processes in order to reduce production costs, but need to be explored in more detail.
